
Abstract 
 

The ability to make in-situ performance meas-

urements of MEMS operating at high speeds 

has been demonstrated using a new image 

analysis system. Significant improvements in 

performance and reliability have directly re-

sulted from the use of this system. 

 

 

Introduction 
 

The recent past has seen the introduction of the 

first wave of commercially viable MEMS 

(MicoElectricalMechanical Systems), such as 

Analog Device’s ADX50 accelerometer and 

Texas Instrument’s Digital Light Mirror. As 

MEMS move from the lab to the market, the 

need for a standardized test infrastructure be-

comes more and more pressing. The semicon-

ductor industry has a large set of tools that im-

plement well-defined electrical protocols to 

quantify the reliability and functionality of inte-

grated circuits. As MEMS become more impor-

tant commercially, an equivalent set of tools for 

quantifying not only the electrical behavior but 

also the mechanical behavior of these devices 

will be required. MEMS, by their nature, pres-

ent unique challenges such as quantifying the 

performance of mechanical devices only mi-

crons in size that may operate at speeds in ex-

cess of a hundred thousand revolutions per sec-

ond. Micromechanical functional and reliability 

test capabilities that address such issues must 

be developed as new MEMS applications begin 

to flood the marketplace. 

 

From the simple electrostatic resonator, each 

succeeding generation of MEMS devices has 

become increasingly complex in mechanical 

operation, as illustrated by the positionable 

mirror and safety-interlock (Fig. 1) developed 
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Figure 1: Two devices manufactured at Sandia that illustrate the growing mechanical and electrical complexity of MEMS.           
(a) A microengine drives a torque converter to actuate a mirror out of plane. (b) A close up of the descrimination section of a micro-
safety-interlock. 



at Sandia. While the functionality of these devices 

has been demonstrated, to use such a device in a 

commercial application requires a quantitative un-

derstanding of the performance characteristics of 

the device operating under a variety of conditions.  

With such information, the designer can optimize 

the performance of a MEMS microsystem to suit 

the application; be it a need for constant angular 

speed, time-dependent positioning, minimizing 

friction, or a combination of these and other per-

formance issues.  

 

In pursuit of this goal, we developed a dynamical 

characterization system based on the capture and 

analysis of video images.  Like other video charac-

terization systems for micromechanical systems 

(see for example [1]), the Performance Analysis 

System uses stroboscopic illumination to facilitate 

the collection of time-dependant position measure-

ments. In contrast with [1], the Performance 

Analysis System, instead of tracking all device 

features, quickly tracks key device topological 

features with a high degree of accuracy under 

varying illumination conditions and in the pres-

ence of background interferences, such as motion 

drift in the test set-up. 

  

Methodology 
 

The basic operational flow of the Performance 

Analysis System is outlined in Fig. 2. The system 

consists of a central computer that controls a 

strobe light source, video camera, waveform gen-

erators and digital timer circuitry. The computer 

system creates the drive signals to run the MEMS 

device under test which are then downloaded to 

the waveform generators. The control computer 

also generates a trigger marker at the start of each 

cycle of the drive signals. This trigger is fed into 

the timer circuitry which performs a divide by N 

function to step down the possibly multiple kHz 

signal to the operational range of the strobe light. 

Also in the timer circuitry, the divided trigger sig-

nal is time delayed by an amount dictated by the 

control computer. This pulse triggers both the 

strobe and  the acquisition of a video image. By 

adjusting the phase of the strobe light relative to 

the start of the periodic drive signal, the position 

of the images as a function of time is directly de-

termined. 

 

A typical data acquisition cycle consists of the 

user setting the frequency at which the MEMS 

device is to operate and the desired position reso-

lution for the data. Once started, the control com-

puter automatically changes the delay on the trig-

ger signal in fixed increment steps so as to acquire 

the number of data points desired. At each step, an 

image is captured and saved. Following the image 

capture process, automated image analysis is per-

formed. 

 

These video images contain a vast amount of in-

formation on the state of the MEMS device at a 

particular moment in its operation. The extraction 

of data from the images is performed by reinforc-

ing the desired features and removing extraneous 

information. To this end, the images are fed 

through a series of image processing filters. For 

example, to characterize the rotational motion of a 

microengine it is necessary to find two unique 

points: one point on the rotating surface and one 

point on a stationary surface. For the Sandia mi-

Figure 2: The block control diagram of the Performance Analy-
sis System.  



croengine, the center hub and the gear/drive link-

age provide such points. Therefore, a series of 

contrast enhancement and binary morphological 

filters are used to accent these features and to re-

move unnecessary elements of the images. To il-

lustrate this process, Fig. 3 shows the initial 

strobe-lit picture, an intermediate step in the image 

filtering and the final image used for tracking the 

gear/drive-linkage point. It is the final image that 

is compared to pre-registered patterns (templates) 

of the linkage point and center hub. 

 

Once filtered, the image series is fed into a tem-

plate search algorithm. This algorithm looks for 

the template sub-image in each of the data images 

and reports back the X-Y position where the tem-

plate was found, as well as a figure of merit for 

pattern match.  Finally, additional analysis algo-

rithms convert the X-Y coordinates of the center 

and rotational points reported by the search algo-

rithm to an angular position vs. time data set. 

 

Advantages 
 

The foremost advantage of the Performance 

Analysis System is that it is completely automated. 

For example, the entire data set of several hundred 

points shown in Fig. 4 was the result of a single 

data acquisition cycle. Coupled with this automa-

tion is a high degree of precision, as even the fine 

structure of the gear’s motion can be detected and 

analyzed (again see Fig 4.). Also, being an image-

based system means information about the opera-

tion of all components that comprise the MEMS 

under test is available. This allows characteriza-

tion of such complex devices as the mirror assem-

bly. 

 

Figure 3: (a) An image of a gear captured under stroboscopic 
illumination. (b) Contrast enhancement and binarization fil-
ters have compensated for non-uniform illumination and have 
accented the physical features of the gear. (c) The image input 
to the template search. Notice almost all information except 
for pixel clusters of the center hub and linkage point has been 
filtered out. 
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Figure 4: Data curve of rotating microengine. The fine structure 
visible in the data illustrates the high resolution measurements 
that are possible with this system. 



The automated imaging system brings together a 

number of other useful features. The system can 

acquire data at a rapid rate, being limited only by 

the speed at which the images can be strobed, ac-

quired and saved (approximately 30 frames/

second using an NTSC video source). The sys-

tem’s spatial accuracy is governed by the optics 

and pixel resolution of the image capture system. 

Using standard optics with a resultant magnifica-

tion of 1000x and an NTSC video source, an an-

gular resolution of less than 1 degree on a rota-

tional device with a radius of 17µm has been dem-

onstrated. The time resolution of the data is gov-

erned by the operational limits of the strobe 

source.  These features result in a system that can 

acquire statitiscally significant amounts of highly 

accurate data in an automated mode of operation. 

 

Since the Performance Analysis System is an in-

situ system, it can be used to study how different 

operational parameters such as loading conditions, 

applied drive signals,  and physical environments 

impact the behavior of a MEMS microsystem dur-

ing operation.  These results can be used not only 

to optimize the conditions under which MEMS are 

operated, but also to provide feedback for the opti-

mization of both MEMS design and processing. 

Finally, these kinds of results directly facilitate 

reliability characterization and screening tech-

niques. 

 

Case Study – Lateral Clamping 
 

Because of its importance as the main actuation 

drive for many applications, the characterization 

of the microengine is of prime importance for the 

continued development of MEMS at Sandia. 

Hence the microengine was the first structure to be 

extensively studied using the Performance Analy-

sis System.  The basic microengine consists of two 

orthogonal electrostatically controlled comb-

drives mechanically coupled via linkage arms to 

the output gear that rotates on a center hub [3-7] 

(Fig. 5).  

 

To optimize operation of the microengine, an elec-

tromechanical model of the system was developed 

that minimized stress and frictional forces [8-9]. 

Ideally, a microengine operated using such signals 

should display uniform rotational speed. However, 

data taken with the Performance Analysis System 

showed a consistent deviation from this ideal over 

a wide range of operating speeds (see Fig. 6). The 

anomaly in the gear’s movement, where the gear 

slows down and comes to a halt, occurs at a posi-

tion approximately 180 degrees from its static 

equilibrium position. Then, after a period of rest, 

the gear suddenly accelerates to “catch up” to its 

predicted position. For the remainder of its revolu-

tion, the gear follows its ideal behavior. 

 

The repeatable character of this operational devia-

tion revealed by the Performance Analysis System 

led to a detailed examination of the operation of 

the comb drives around the 180 degree point in 

the microengine’s motion. The moveable comb 

fingers of the electrostatic drives need to remain 

precisely centered between the fixed comb fingers 

for the lateral forces to cancel. It was discovered 

Figure 5: The microengine consists of orthogonal comb drive 
actuators mechanically linked to a rotating gear. Also shown is 
the reference angles used by all the data sets in this paper. 



that the voltage necessary to rotate the engine 180 

degrees from rest position, coupled with the mo-

ment force being transmitted up the linkage-arm 

assembly, was enough to displace the comb finger 

assembly slightly to one side. This  displacement 

produced a cascading instability that resulted in 

the comb drive fingers becoming laterally clamped 

[10] (Fig. 7). 

 

Once the failure mechanism had been identified, 

the MEMS designers at Sandia implemented a 

number of design improvements to correct this 

behavior, such as lateral travel clamps and wider 

comb tooth spacing. Analyzing the operation of 

the improved microengine design using the Per-

formance Analysis System showed the absence of 

the lateral clamping effect (Fig. 8). 

                             

Conclusion 
While this paper presented the use of the Perform-

ance Analysis system to characterize the operation 

of high-speed rotational devices, the system can 

just as easily be used for the study of linear, low-

speed and/or non-periodic device operation. In 

addition, work is currently in progress to integrate 

the Performance Analysis System for seamless 

operating with the MEMS control system This will 

enable the operation of MEMS devices in a 

closed-loop control mode allowing real-time study 

of dynamical force effects, such as friction, and 

how these forces impact device operation under a 

multitude of operational parameters such as tem-

perature, humidity, load conditions, lubricants and 

accrued operational cycles. In addition, since the 

existence of unknown or varying forces makes 

open loop operation of microsystems problematic, 

a closed loop system should allow more precise, 

reliable operation of MEMS devices. 

 

In MEMS technology, new devices and capabili-

ties present a vast uncharted territory in the field 

of characterization and reliability. With the Per-

formance Analysis System, we have developed a 

powerful tool to analyze the behavior of MEMS 

devices. This in-situ measurement technique per-

Figure 6:  This data set clearly illustrates the effects of lateral 
clamping. At ~ 180 degrees, the gear comes to a momentary rest 
before snapping free and resuming its motion. 

Figure 7: This picture illustrates comb drive experiencing 
lateral clamping. An electromechanical instability results in 
the movement shuttle clamping against the alignment guides, 
resulting in a cessation of motion revealed by the Perform-
ance Analysis System (see Fig. 6). 
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Figure 8: Data of the operation of a next generation microengine 
design. The lateral clamping plateau has been completely elimi-
nated.  
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mits the determination of how different opera-

tional parameters affect the operational character-

istics of MEMS systems. As a practical example 

of this, the Performance Analysis System has dem-

onstrated its usefulness not only by identifying 

non-optimized  behavior in the Sandia microen-

gine, but also by providing the information that 

led to the identification and elimination of this be-

havior. The ultimate benefit of the Performance 

Analysis system was a significant improvement in 

both the operational stability and reliability of the 

devices. 
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